Type 2 diabetes is characterized by a reduction in insulin function and an increase in glucagon activity that together result in hyperglycemia. Glucagon receptor antagonists have been developed as drugs for diabetes; however, they often increase glucagon plasma levels and induce the proliferation of glucagon-secreting α-cells. We find that the secreted protein Angiopoietin-like 4 (Angptl4) is up-regulated via Pparγ activation in white adipose tissue and plasma following an acute treatment with a glucagon receptor antagonist. Induction of adipose angptl4 and Angptl4 supplementation promote α-cell proliferation specifically. Finally, glucagon receptor antagonist improves glycemia in diet-induced obese angptl4 knockout mice without increasing glucagon levels or α-cell proliferation, underscoring the importance of this protein. Overall, we demonstrate that triglyceride metabolism in adipose tissue regulates α-cells in the endocrine pancreas.
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diabetes | metabolism | angiopoietin | glucagon | LPL T ype 2 diabetes is a metabolic disease characterized by high levels of fasting and postprandial glucose levels. Diabetic patients display elevated levels of glucagon and a relatively low activity of insulin, leading to increased hepatic gluconeogenesis, reduced glucose uptake, and altered lipid profile (1) (2) (3) (4) . At the histological level, islets of diabetic patients display an increase in the numbers of glucagon-secreting α-cells and a decrease in the number of insulin-secreting β-cells (5-7). Glucagon has received increasing attention after glucagon receptor knockout mice (gcgr −/− ) were shown to be protected from development of diabetes in type 1 and type 2 diabetes models (8, 9) . These and other studies highlight diabetes as a joint glucagon and insulin disorder (10) (11) (12) .
Glucagon receptor antagonists (GRAs) have been developed as antidiabetic drugs. GRAs improve glycemic control in humans, but may induce compensatory hyperglucagonemia and proliferation of α-cells (13-15). These results concur with the dramatic hyperglucagonemia and increase in α-cell proliferation in gcgr −/− mice (16) and humans with a nonfunctional glucagon receptor (17) . The adverse side effects of GRAs present a practical need to understand the compensatory response of α-cells and raise basic questions regarding the control over α-cell proliferation. Surprisingly, nearly full ablation of α-cells does not increase α-cell proliferation or alter circulating glucagon levels (18) , raising the hypothesis that, unlike β-cells, hormonal hypersecretion alone does not promote proliferation (19, 20) . Rather, a reduction of glucagon signaling, either by GRA treatment or receptor knockout, feeds back to induce α-cell proliferation (21) .
In this study, we treated mice with a GRA to identify secreted factors leading to α-cell proliferation and hyperglucagonemia. We find that Angptl4 is up-regulated in white adipose tissue (WAT) and in plasma following GRA treatment. Angptl4 is a multifunctional secreted protein that is cleaved into an N-terminal part containing a coil-coil domain that inhibits lipoprotein lipase (LPL) and a C-terminal part with a fibrinogen-like domain that affects vasculature (22) . The LPL inhibitory N-terminal fragment constitutes most of the blood-borne fraction of Angptl4 and can act in a paracrine and endocrine manner (23, 24) . Angptl4 is a glucocorticoid and Ppar target gene, up-regulated during fasting and exercise and expressed in many tissues, but primarily in WAT in mice. Local up-regulation of Angptl4 expression diverts triglyceride utilization for fatty acid oxidation to other tissues (25) (26) (27) (28) (29) (30) . Knockout and overexpression of angptl4 lead to decreased or increased triglyceride levels, respectively, in mice (31) , and mutations in the human angptl4 gene are associated with lower triglyceride levels in the blood (32) .
We show that treatment with recombinant Angptl4 protein specifically increases α-cell proliferation rates of young and old mice without increasing glucagon levels. Activation of Pparγ up-regulates angptl4 expression in WAT but not in the liver and results in increased α-cell proliferation. Pparα activation increased hepatic angptl4 but did not raise α-cell proliferation rates. Notably, GRA treatment led to Pparγ activation in WAT but did not activate Pparα in liver. Caloric restriction, which increases plasma Angptl4 levels (29) , led to up-regulation of WAT but not liver angptl4 expression and increased α-cell proliferation. Angptl4 −/− mice have a normal islet morphology and α-cell proliferation rate. GRA treatment improves glycemia of diet-induced obese (DIO) angptl4 −/− mice without increasing glucagon levels or α-cell proliferation. In all, the data show that Angplt4 is sufficient to induce α-cell proliferation and is required for the adverse response of α-cells to GRA treatment.
Results

Glucagon Receptor Antagonism Leads to Hyperglucagonemia and an
Increase in α-Cell Proliferation. We generated a model of an acute treatment with a GRA to identify secreted factors leading to Significance Hyperactivity of the hormone glucagon plays an important role in the pathophysiology of type 2 diabetes, but the factors that affect glucagon levels and α-cell proliferation are not entirely understood. This is particularly important for the development diabetes drugs based on glucagon receptor inhibition, which increase glucagon levels in plasma and α-cell mass. Here we show that increased levels of Angiopoietin-like 4 (Angptl4) in adipose tissue and plasma are sufficient to induce α-cell proliferation. Angptl4 is a conserved, secreted lipoprotein lipase inhibitor expressed by many tissues that is regulated by exercise and feeding. Moreover, Angptl4 is required for the compensatory hyperglucagonemia and α-cell proliferation following treatment with glucagon receptor antagonists. α-cell replication and hyperglucagonemia. Osmotic pumps were used to administer either PBS (control) or the GRA des-His1-[Glu9)-glucagon(1-29) amide for 6 d in 8-wk-old male mice (33, 34) . As expected, administration of this GRA led to a lower fasting glycemia, a reduction in glucose production following i.p. injection of glucagon, and an increase in plasma glucagon and triglyceride levels ( Fig. 1 A-E) .
GRA administration caused a twofold increase in the fraction of proliferating α-cells, rising from 0.75 to 1.5% without changing β-cell proliferation (Fig. 1 F-G and Fig. S1 ). EdU staining shows an increase in the fraction of new α-cells following GRA treatment in both the head and the tail of the pancreas (Fig. 1H and Fig. S1 ), confirming the previously reported increase in α-cell proliferation in GRA-treated mice (13-15). There was also a small increase in the fraction of Lcells in the ileum of GRA-treated mice (Fig. S1) (35) . IL6R signaling was shown to be required for α-cell proliferation in a high-fat-diet model and after duct ligation (36, 37) ; however, we did not detect nuclear pStat3 in α-cells following GRA treatment.
Angptl4 Is Up-Regulated in White Adipose Tissue Following Glucagon
Receptor Antagonism. We measured gene expression in liver and WAT of fasted mice treated with GRA for 7 d to identify factors affecting α-cell proliferation. There was a widespread change in gene expression in the liver; notably, gcgr was down-regulated and amino acid metabolism altered (Dataset S1). Analysis of overrepresented gene ontology terms in WAT pointed to changes in lipoprotein handling in the extracellular space ( Fig. 2A) , which may relate to the reported altered lipid profile of gcgr −/− mice (38, 39) . We focused our analysis on extracellular blood-borne proteins in WAT and identified several differentially expressed hormones, serpin family members, cytokines, and LPL regulators ( Fig. 2B and Dataset S2) (40) .
Angptl4/fiaf was one of the most highly expressed, up-regulated genes in WAT (Dataset S3) and a prominent LPL inhibitor. Quantitative PCR (qPCR) showed that angptl4 is up-regulated twofold in WAT of GRA-treated mice, where it is most highly expressed, but not in the liver, kidney, or muscle (Fig. 2C) . Interestingly, angptl4 was down-regulated in the liver of mice treated with the insulin receptor antagonist s961 ( Fig. S1 ) (41) . Angptl8, an angptl4 homologous gene, was down-regulated by GRA in liver and WAT and up-regulated by S961 in those organs ( Fig. 2C and Fig. S1 ). At the protein level, the concentration of Angptl4 in the plasma increased in the fed and fasted states of GRA-treated mice ( Fig. 2 D and E).
3D Treatment with Angptl4 Leads to an Increase in α-Cell
Proliferation. We administered 10 μg of recombinant mouse Angptl4 to 8-wk-old male mice for 3 d to determine whether Angptl4 is sufficient to induce α-cell proliferation. We detected an increase of 50% in EdU-positive cells following treatment whereas glucagon levels did not change between the two groups ( Fig. 3 A and B; Fig. S2 ). mAngptl4-treated mice displayed an increased level of plasma Angptl4 and, correspondingly, increased triglyceride levels ( Fig. 3 C and D) .
We similarly treated mice with the N-terminal, LPL-inhibiting fraction of human Angptl4 (hAngptl4N). In this case, there was a nearly twofold increase in the fraction of proliferating α-cells compared with BSA-treated controls, with no change in β-cell proliferation (Fig. 3E and Fig. S2 ) The Angptl4 homolog and LPL inhibitor Angptl3 did not elicit this effect after 3 d of treatment (Fig. 3E) . Treatment with the LPL inhibitor ApoC1 did not affect α-cell proliferation as well, whereas it did increase triglyceride levels in plasma (Fig. 3F and Fig. S3 ). These results point toward a more specific role of Angptl4 in terms of localization or timing than merely global LPL inhibition (29) .
hAngptl4N increased the α-cell proliferation rate of 6-mo-old male SCID beige mice, which are of a BALB/c genetic background. The proliferation rate of α-cells in the control group was only 0.2%, possibly because of their older age (42, 43) (Fig. 3G and Fig. S2 ). In vitro, recombinant mAngptl4 was unable to increase β-or α-cell proliferation in isolated mouse islets. Supplementing 0.5 mM of palmitic acid to the media increased both β-and α-cell proliferation by twofold (44) (Fig. 3H) .
Activation of the angptl4 Regulator Pparγ Induces α-Cell Proliferation.
Angptl4 is induced by Ppar and glucocorticoid activity (25, 26) . Analysis of our transcriptomic data shows that many Pparγ targets are regulated in WAT (P = 0.03) and that expression of glucocorticoid or insulin target genes is not changed (Fig. 4A) . We therefore treated 8-wk-old male mice with the Pparγ agonist Rosiglitiazone by daily injections for 7 d. Both levels of Angptl4 in plasma and the fraction of proliferating α-cells increased following treatment (Fig. 4 B and C; Fig. S3 ).
We treated mice for 7 d with the Pparα agonist fibronate to study whether the organ where angptl4 was activated was of importance for α-cell proliferation. The increase in plasma Angptl4 levels in plasma did not reach significance (Fig. 4D) . qPCR analysis has shown that angptl4 was induced in liver and WAT of Pparα-and γ-treated mice, respectively (Fig. 4E) . However, Pparα agonist administration did not increase α-cell proliferation (Fig. 4F) . Notably, Pparα signaling was not active in livers of GRA-treated animals, and hepatic angptl4 was not up-regulated. Interestingly, Pparα signaling was down-regulated in livers of gcgr −/− mice (42). Caloric restriction was shown to elevate plasma Angptl4 levels (29) . We verified this result and found that angptl4 was upregulated in WAT of calorically restricted animals (Fig. 4 D and  E) . α-Cell proliferation was increased in calorically restricted animals compared with overnight fasted animals (Fig. 4G ).
Angptl4
−/− Mice Do Not Increase Their α-Cell Proliferation and Glucagon Levels Following Glucagon Receptor Antagonism. We have shown so far that an increase in Angptl4 is sufficient to increase α-cell proliferation in vivo and wanted to test if Angptl4 was necessary to induce α-cell proliferation in a GRA model. Angptl4 −/− mice (45) and age-and weight-matched mice had a comparable α-to β-cell ratio, α-cell density, α-cell proliferation rate, and plasma glucagon levels ( Fig. 5 A and B; Fig. S4 ). Hence, Angptl4 does not affect α-cell proliferation under normal conditions or have an effect on the structure of the endocrine pancreas.
A 7-d treatment with GRA did not affect β-or α-cell proliferation rates of 8-wk-old angptl4 −/− mice, nor did it elevate glucagon levels following a 6-h fast (Fig. 5 C and D) . Rosiglitazone treatment did not increase α-cell proliferation, stressing the role of Angptl4 in this process (Fig. 5C) 
−/− mice restored the increase in the fraction of proliferating α-cells to 2.5% (Fig. 5C and Fig. S4 ) without affecting glucagon levels (Fig. 5D ).
Finally, we tested whether GRA treatment was effective in improving glycemia of DIO angptl4 −/− mice. DIO angptl4 −/− mice had the same glucose levels, α-cell proliferation rates, α-cell density, and glucagon levels as control DIO mice, indicating that Angptl4 is not required to increase endocrine pancreas mass in response to metabolic demand (Fig. 5 E-H) . The mice did not display peritonitis or other symptoms associated with angptl4 −/− DIO mice at this age (46) . A 7-d treatment with GRA reduced fasting blood glucose levels of DIO angptl4 −/− mice (Fig. 5E ). As before, neither glucagon levels nor the fraction of proliferating α-cells or α-cell density of DIO angptl4 −/− mice increased following GRA treatment (Fig. 5 F-H) .
Discussion
Our data demonstrate that Angptl4 is sufficient to induce an increase in the rate of α-cell replication. The magnitude of this increase is similar to that reported for β-cells in response to various compounds (47) (48) (49) . Angptl4 −/− mice do not increase α-cell proliferation or glucagon levels in response to GRA administration, underscoring the role of Angptl4 in the compensatory proliferation of α-cells following GRA treatment. Our results using DIO angptl4 −/− mice suggest that control of Angptl4 levels or Angptl4's downstream targets might be important for the development of diabetes drugs that are based on glucagon receptor antagonism. However, it is important to note that expression patterns of mice and human angptl4 vary and that, unlike humans, mice express low levels of the glucagon receptor in WAT.
Angptl4 is not required for α-cell proliferation per se. DIO angptl4 −/− mice display higher α-cell density than lean angptl4
mice, similar to normal DIO mice (compare Fig. 5 B and G) , and α-cell proliferation was high in young db/db mice without an increase in plasma Angptl4 levels (Fig. S5 ). There are numerous factors affecting α-cell proliferation in development and various physiological conditions (21, 36, 50, 51) . Treatment with Angptl4 increased α-cell proliferation without increasing glucagon levels, implying that α-cell proliferation can be decoupled from glucagon secretion. This result corroborates with a recent finding that ablation of 98% of α-cells does not lead to α-cell regeneration, even though the remaining α-cells secrete as much glucagon as a normal pancreas does (18) . Increase in α-cell mass by itself in 1 wk is too small to have a measureable effect on glucagon levels.
GRA treatment did not lead to hyperglucagonemia in angptl4
mice. This is a surprising finding, which can be explained by Angptl4 suppression of hepatic gluconeogenesis (52) through the altered inflammatory response in mesenteric lymph nodes of angptl4 −/− fed with saturated fats (46) or by the overall altered lipid composition of angptl4 −/− plasma that affects insulin and glucagon secretion (31) . Acute overexpression of angptl4 in the liver of db/db mice was shown to improve glycemia while increasing liver weight lipid content and causing liver steatosis (52) . We treated DIO mice with hAngptl4N for 7 d by an osmotic pump but did not detect a difference in glucose and glucagon levels or liver weight between treated and control groups (Fig. S5) . Different diabetes mouse models and particularly systemic administration vs. liver-specific overexpression of angptl4 may account for the different phenotypes.
Our results indicate that WAT angptl4 induction starts the chain of events leading to augmented α-cell proliferation. This is supported by the fact that Pparγ but not Pparα induced α-cell proliferation and that GRA and caloric restriction increased mostly adipose and not hepatic angptl4 expression. angptl4 is most highly expressed in WAT (26, 53) , and therefore it is not surprising that adipose up-regulation has also led to an increase in plasma levels of Angptl4. Relative plasma levels of Angptl4 in GRA and control mice during the day. Angptl4 levels were normalized to control level at the same feeding/fasting state to demonstrate overall increase in Angptl4 levels. P = 0.006; *P < 0.05; **P < 0.01.
Angptl4 most likely acts indirectly on α-cells by inhibiting LPL and inducing lipolysis in a paracrine fashion in WAT (26, 30) . As a result, changes in plasma composition may affect α-cell physiology and proliferation. This is supported by our in vitro findings showing that palmitic acid but not Angptl4 was able to induce α-cell proliferation in isolated mouse islets.
Increasing LPL activity through Angptl3 or ApoC1 administration or decreasing it in angptl4 −/− mice (31) is not sufficient to affect α-cell replication, hinting at an Angptl4-specific effect, which may be exerted through its unique inhibition mechanism, its organ expression pattern, and its diurnal metabolic regulation. Overall, we find a positive correlation between the increase of plasma and adipose angptl4 and α-cell proliferation, but not with triglyceride levels.
A liver-specific glucagon receptor knockout mouse displays an increased α-cell proliferation rate (54) . The liver is the prime target of glucagon signaling, but WAT is a sensitive and active metabolic endocrine organ that can affect insulin sensitivity and systemic metabolism (55) . GRA treatment may cause a change in the liver and other organs that leads to secondary changes in WAT (56) , in particular the up-regulation of angptl4 expression, or it can act directly on WAT because gcgr is lowly expressed in WAT. The putative liver-secreted α-cell proliferative factor may induce angptl4 in WAT and/or affect α-cells by separate mechanisms (21, 36, 50) .
There is an ongoing debate regarding the role of Angptl8 in β-cell replication (49, (57) (58) (59) (60) , but the balance of evidence shows that our laboratory's claim (41) that injecting angpt8 DNA increases β-cell replication by 17-fold is not reproducible. Numerous additional experiments have since been performed, and they show that the results reported in Yi et al. (41) were anomalous and that there is, at most, a modest (less than twofold) effect of Angptl8 on β-cell replication. The homologous angptl4 and angptl8 genes are oppositely regulated under physiological conditions: Angptl4 is up-regulated in fasting and cold exposure, whereas angptl8 is up-regulated in refeeding (26, 59, (61) (62) (63) . Both Angptl4 and angptl8 knockout mice display decreased triglyceride levels, linking the function of both proteins to lipid metabolism. Indeed, the two proteins have a homologous domain that was shown to inhibit LPL (58, 59, 64, 65) ; Pparα can bind the angptl4 promoter (24) and a putative Ppar response element exists in the angptl8 promoter. In this study, angptl4 was upregulated and angptl8 down-regulated in WAT in response to GRA treatment. Angptl8 was up-regulated and angptl4 was down-regulated in the liver in response to insulin receptor inhibition (41) . We hypothesize that an acute change in the balance of the contrasting hormones insulin and glucagon is reflected in the oppositely regulated levels of Angptl8 and Angptl4 in the periphery. This may affect the fasted and fed levels of plasma lipids and amino acids, which were shown to affect endocrine cell proliferation (21, 66, 67) . Glucagon plays an important role in the pathophysiology of type 2 diabetes. We describe a circuit connecting α-cells with Angptl4, a secreted LPL inhibitor expressed in the periphery that is regulated by exercise, the gut microbiota, feeding, and during diabetes (27, 45, 52) . Our study highlights the role of Angptl4 in inducing α-cell proliferation and its importance in the compensatory hyperglucagonemia following treatment with GRA.
Methods
Animal experiments were performed in compliance with the Harvard University Animal Care and Use Committee guidelines. C57BL/6 served as control mice. Angptl4 −/− mice (45) were generously provided by Prof. A. Nagi (Mount Sinai Hospital, Toronto). For GRA experiments, PBS or 1 mg of the glucagon receptor antagonist des-His1-Glu9-glucagon(1-29) (Tocris Bioscience) was applied for 7 d using Alzet osmotic pumps. Ten micrograms of recombinant human coiled-coil domain of Angptl4 (Adipogen), mouse Angptl4 (R&D systems), or human Angptl3 (PromoKine) together with 5 μg of BSA were applied for 3 d by osmotic pumps. Fifty micrograms of ApoC1 (Novus Biologicals) was used per mouse. BSA (15 or 50 μg) was used as control accordingly. Quantification of α-and β-cell proliferation was performed blindly. Mice were euthanized after a 6-h fast. α-and β-cell proliferation were determined by counting at least 400 α-cells or 1,500 β-cells per mouse in at least five nonconsecutive sections of the pancreas. Glp2 or Glucagon and Nkx6.1 immunostaining were used to mark mouse α-and β-cells in mice, respectively (Fig. S6 ). Regarding statistics, error bars denote standard errors. Student's t test was used for qPCR, glucose, and protein levels in plasma; Mann-Whitney test was used for proliferation quantification in mice, except in vitro, where a t test was used. Gene enrichment analysis was done using the hypergeometric distribution with a Benjamini-Hochberg correction. density (G), and 6-h fasting plasma glucagon levels (H) in mice treated as in E. *P < 0.05; **P < 0.01.
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